Interest in the regulation of the mammalian target of rapamycin (mTOR) has increased substantially
Introduction
The mammalian target of rapamycin (mTOR) is a serine/ threonine kinase that regulates a variety of cellular activities that are sensitive to environmental stress (1) . An emerging theme in tumorigenesis is that normal stress responses must be overcome in order for cancer cells to survive and proliferate, and it is becoming apparent that mTOR is a critical target of ''survival signals'' in cancer cells (2) . For this reason, the signaling pathways that target mTOR have been aggressively studied and widely reviewed. mTOR is an indirect target of survival signals generated by phosphatidylinositol 3-kinase (PI3K). PI3K generates phosphatidylinositol 3,4,5-tris-phosphate (PIP3), which leads to the recruitment and activation of the Akt kinase. Akt then phosphorylates several substrates, one of which is the tuberous sclerosis complex (TSC1/2), a GTPase activating protein complex that suppresses Rheb, a GTPase that contributes directly to the activation of mTOR (Fig. 1A) . Akt suppresses TSC1/2, leading to the activation of mTOR. On the other hand, TSC1/2 can also be targeted and activated by LKB1 tumor suppressor protein, activating the AMPdependent kinase (2) , which subsequently activates TSC1/2, resulting in the down-regulation of Rheb and subsequent inhibition of mTOR (Fig. 1A) . Thus, there are signals that both activate and suppress mTOR through the TSC1/2 complex and Rheb. Although the regulation of mTOR through TSC1/2 and Rheb has been widely described, another mechanism contributing to the activation of mTOR has been proposed that has received less attention.
Chen et al. reported a phosphatidic acid (PA) requirement for the ability of mTOR to phosphorylate S6 kinase (3) . PA is most commonly generated by the hydrolysis of phosphatidylcholine by phospholipase D (PLD; ref. 4) . Like PI3K, PLD has been implicated in survival signals in human cancer cells (5) . mTOR was reported to bind PA in a manner that was competitive with rapamycin complexed with the FK506-binding protein (FKBP12; ref. 3 ). This finding lead Chen et al. to propose a model for the action of rapamycin whereby rapamycin/FKBP12 binds to mTOR, preventing interaction with PA (3, 6) . Consistent with the proposal that the rapamycin/FKBP12 complex acts competitively with PA, elevated PLD activity in human breast cancer cells increased the concentration of rapamycin required to suppress mTOR (7) . Although the model for the action of rapamycin as a competition with PA for mTOR is consistent with available data, a role for PA and PLD in the regulation of mTOR remains controversial. In this review, the evidence implicating PLD and its metabolic product PA in the regulation of mTOR is summarized, and the implications are discussed.
mTOR Regulation by PA
The PA connection. The first demonstration that PA was involved in the regulation of mTOR came from the lab of Jie Chen (3), who showed that exogenously provided PA stimulated the activation of the mTOR substrate S6 kinase and phosphorylation of another mTOR substrate eukaryotic initiation factor 4E binding protein-1 (4E-BP1) in HEK293 cells. The effect of PA was sensitive to rapamycin (3, 8) and was dependent on the presence of amino acids (3). The amino acid dependence indicated that the effect of PA was physiologic. Subsequently, Blenis' group similarly showed that PA stimulated S6 kinase activity in HEK293 cells (9) . The ability of PA to stimulate S6 kinase was suppressed by coexpression of TSC1/2, also suggesting that the PA-induced S6 kinase activity was physiologic. PA was also shown to activate mTOR in macrophages in an Akt-dependent manner (10) . In addition, Xu et al. (11) showed that mTOR could be activated by phosphonate analogues of PA as measured by increased S6 kinase activity. Thus, several laboratories have shown that mTOR is activated in response to exogenously supplied PA, and in two of these cases, there was another physiologic component other than PA that contributes to the regulation of mTOR, suggesting that the effects of PA were not artifacts.
A role for PLD-generated PA in the activation of mTOR. The major cellular mechanism for generating PA is through the hydrolysis of phosphatidylcholine by PLD. There are two mammalian PLD isoforms (PLD1 and PLD2) that can be distinguished by different mechanisms of regulation and subcellular distribution (4) . PLD1 has a perinuclear localization and is regulated by Rho, Ral, and ARF family GTPases (4). PLD2 is largely restricted to lipid raft fractions on the plasma membrane, and its mode of regulation is not well understood (4) . Both PLD1 and PLD2 have a stringent requirement for PIP2 (4) . The production of PA by either PLD1 or PLD2 can be suppressed by primary, but not tertiary, alcohols in what is known as the transphosphatidylation reaction whereby an inert phosphatidyl-alcohol is generated rather than PA. This reaction has been widely used to indicate a requirement for PLD, and several studies have indicated that the activation of mTOR was sensitive to primary alcohols. Serum-induced increases in S6 kinase activity and 4E-BP1 phosphorylation were blocked by 1-butanol in HEK293 cells (3) . Phenylephrine (a-adrenergic receptor agonist)-induced mTOR was also sensitive to treatment with 1-butanol (12) . In skeletal muscle, PA stimulated S6 kinase phosphorylation, and 1-butanol suppressed S6 kinase phosphorylation (13) . A very recent report showed a nutrient-dependent multimerization of mTOR that was also suppressed by 1-butanol (14) . Thus, suppression of PLD-generated PA with primary alcohols has been reported to suppress the effects of mTOR in several systems, cell types, and cellular phenotypes. In addition to experiments that used primary alcohols to suppress PLD-induced increases in PA, several studies have investigated the dependence mTOR activation on PLD1 and PLD2 expression. Exogenously expressed PLD2 was shown to increase S6 kinase phosphorylation in MCF7 cells (15) , and elevated expression of PLD1 was reported to increase S6 kinase phosphorylation in rat fibroblasts (16) . Lysophosphatidic acid (LPA)-induced mTOR was shown to be dependent on PLD1 and Rho (17) . The activation of mTOR by Cdc42 was also dependent on PLD1 (18) . Suppression of PLD1 expression blocked S6 kinase phosphorylation in B16 melanoma cells, and suppression of either PLD1 or mTOR led to melanogenesis in these cells (19) . Both PLD1 and PLD2 were able to suppress protein phosphatase 2A (PP2A) in a rapamycindependent manner (20) . PLD2 also suppressed the association between PP2A and the mTOR substrates S6 kinase and 4E-BP1 (20) . Very recently, it was reported that PLD2 forms a functional complex with mTOR and its binding partner Raptor (known as mTORC1) through a TOS (TOR signaling) motif in PLD2 (21) . The interaction between mTORC1 and PLD2 was essential for mitogen stimulation of mTOR (21) . Thus, in addition to the ability of PA to activate mTOR, there are several studies that have shown a PLD requirement for the activation of mTOR. Although it is not clear Figure 1 . Regulation of mTOR. Left panel, mTOR is activated by the GTPase Rheb, which is negatively regulated by the TSC1/2 GTPase-activating complex of hammartin and tuberin. Two pathways feed into TSC1/2. The PI3K pathway activates Akt, which then phosphorylates several substrates that help to promote survival and proliferation, including MDM2, GSK3-h, BAD, and TSC1/2. The phosphorylation of TSC1/2 by Akt suppresses the GTPase-activating effects of TSC1/2 on Rheb and enhances mTOR activity. The LKB1 pathway begins with the tumor suppressor protein kinase LKB1, which contributes to the activation of the AMP kinase (AMPK ), which then phosphorylates TSC1/2, leading to the activation of TSC1/2 GTPase-activating activity and the suppression of mTOR. The PLD pathway is proposed to contribute to the activation of mTOR by generating PA from phosphatidylcholine, which then binds the FRB domain in a manner competitive with rapamycin/ FKBP12. Top, right panel mTOR in complex with raptor and PLD2 associates with PLD2-generated PA (red circles ) through its FRB domain. In the presence of rapamycin (Rapa)/FKBP12 complex (bottom, right panel ), the FRB domain of mTOR is unable to bind PA, and mTOR is unable to access and phosphorylate appropriate substrates, such as S6 kinase. Excess levels of PA on the membrane would provide more sites for binding mTOR and compete with rapamycin/FKBP12 complexes.
how both PLD1 and PLD2 contribute to the activation of mTOR, it has been proposed that elevated PLD1 leads to the activation of PLD2 by increasing levels of PIP2 required for the activity of PLD2 (5). This could explain the apparent involvement of both PLD1 and PLD2 in the activation of mTORC1.
Other mechanisms for elevating PA. In addition to PLD, it has been suggested that PA generated by other metabolic pathways could contribute to the activation of mTOR. It has also been reported that suppression of LPA acyltransferase (LPAAT), which generates PA by acylating LPA, suppressed mTOR activation (22) . The suppression of LPAAT activity disrupted survival and proliferative signals in several cancer cell lines (22) . Similarly, it was reported that mTOR is activated in response to diacylglycerol kinase (23), which generates PA by phosphorylating diacylglycerol. These studies further establish that elevated PA levels in cells leads to the activation of mTOR and suggest the possibility that there are alternative mechanisms for generating the PA required for activating mTOR. There have been concerns that studies with exogenously provided PA activates mTOR artifactually because it is difficult for PA to get across the membrane to appropriate sites where mTOR could be activated. Although evidence that firmly establishes a role for LPAAT and diacylglycerol kinase in the physiologic activation of mTOR is still missing, the ability of elevated LPAAT and diacylglycerol kinase activity to stimulate mTOR provides evidence that PA generated physiologically inside of cells can lead to the activation of mTOR. Additionally, because PA can be metabolically converted to either LPA or diacylglycerol (4), these studies also indicate that it is PA, and not metabolites of PA, that is acting on mTOR.
Dependence of PLD-induced mTOR activation on PI3K activity? Elevated PLD activity, under most circumstances, does not lead to increased phosphorylation of Akt. Increased expression of PLD1 led to increased S6 kinase phosphorylation but did not increase Akt phosphorylation in rat fibroblasts (16) . However, PLD1-induced increases in S6 kinase phosphorylation were blocked by the PI3K inhibitor LY294002 (16) . Similarly, LY294002 suppressed S6 kinase phosphorylation in MDA-MB-231 cells, where there is elevated expression of PLD1 and elevated PLD activity (15) . However, Tee et al. (9) were able to activate mTOR with exogenously supplied PA in the presence of the PI3K inhibitor wortmannin. These data indicate that whereas PLD and PA can stimulate mTOR, basal levels of PI3K activity and the suppression of TSC1/2 may be required.
Are the effects of rapamycin on mTOR due to competition with PA? Rapamycin interacts with FKBP12, which then interacts mTOR in a region known as the FKBP12-rapamycin-binding (FRB) domain. Chen et al. proposed a model for the mechanism of rapamycin suppression of mTOR based their observation that the FRB domain of mTOR bound PA in a manner that was competitive with rapamycin/FKBP12 (3, 6) . It was found that the FRB domain of mTOR bound to phosphatidylcholine-based vesicles containing as little as 10% PA but not to vesicles containing other phospholipids, including phosphatidylserine, phosphatidylethanolamine, PI, PIP, PIP2, and PIP3 (3). The binding of the FRB domain to PA was blocked by FKBP12/rapamycin, indicating a competition between PA and FKBP12/rapamycin for the FRB domain of mTOR. Moreover, an FRB domain from a rapamycin-resistant mTOR mutant bound PA in a rapamycinresistant manner (3) . Mutation of Arg 2109 seemed to be critical for the interaction between the FRB and PA (3). Moreover, expression of this mutant in HEK293 cells suppressed serum-induced S6 kinase phosphorylation (3) . Based on these data, it was proposed that the basis for rapamycin action is due to preventing interaction with PA (6). Consistent with this hypothesis, elevated PLD activity in MDA-MB-231 and MCF7 human breast cancer cells increased the IC 50 for rapamycin. The IC 50 for the suppression of cell proliferation by rapamycin in MDA-MB-231 cells, which have high levels of PLD activity, was 10 Amol/L, whereas in MCF7 cells, which have low levels of PLD activity, it was 20 nmol/L (7). Interestingly, the IC 50 for S6 kinase phosphorylation in MDA-MB-231 cells was 20 nmol/L and 1 nmol/L in MCF7 cells (7) . Thus, although lower concentrations of rapamycin were required to suppress S6 kinase phosphorylation than was required to suppress proliferation, higher level of PLD still increased the IC 50 for the effect of rapamycin. Elevated expression of PLD2 increased IC 50 for rapamycin in MCF7 cells, and expression of a dominant-negative PLD2 decreased the IC 50 for rapamycin in MDA-MB-231 cells (7) . In skeletal muscle, mechanical stimulation led to elevated PLD activity and also increased the IC 50 for rapamycin (13) . These data are all consistent with the model proposed by Chen and Fang (6) , whereby the effects of rapamycin are due to interfering with an interaction between the FRB of mTOR and PLD generated PA (shown schematically in Fig. 1B) . It has been suggested that the mechanism of rapamycin action is simply to alter the structure of mTOR (1), and whereas this is certainly also possible, the data indicating a competition between PA and rapamycin/FKBP12 for mTOR represents a compelling alternative that is supported by both in vitro and in vivo studies. It is also possible that rapamycin/FKBP12 changes the conformation of mTOR and suppresses interaction with PA. Another possibility is that the PA generated by PLD could reduce the pH locally such that mTOR gets protonated in such a way the mTOR kinase activity is increased or the association with substrates is altered.
Summary, Significance, and Directions
Elevated PLD activity has been implicated in a large number of human cancers, including breast, colon, gastric, and kidney (5) . PLD activity has been reported to suppress apoptosis in human cancer cells subjected to the stress of serum withdrawal (5) . In fact, PLD activity is elevated in several cancer cells in response to the stress of serum withdrawal (24) . mTOR has been implicated as a key regulator of stress responses by shutting down under conditions of poor nutrition or hypoxia. For a cancer cell to survive and proliferate, it is becoming apparent that it must overcome normal cellular responses to stress to continue proliferation in an emerging tumor with poor vascularization. Elevated PLD activity observed in response to serum withdrawal in cancer cells may be a mechanism to activate mTOR that is genetically selected for to overcome the shutdown of mTOR in response to stress.
Collectively, the data linking PLD-generated PA production with mTOR activation represent a novel and potentially important mechanism for activating this critical regulator of responses to environmental stress and survival signals in cancer. The significant percentage of cancers with elevated PLD activity strongly suggest that this pathway for activating mTOR be carefully considered especially because targeting mTOR with rapamycin in cancer would be strongly influenced by the level of PLD activity in the cancer cells. Elevated PLD activity confers resistance to rapamycin (7, 13) , which could have important unintended clinical consequences in that rapamycin treatment could actually select for cancer cells with elevated PLD activity. The elevated PLD activity would not only generate rapamycin resistance, it could also make cells more malignant because elevated PLD activity also stimulates the metastatic phenotypes of increased cell migration and invasion (24) . Thus, the potential for PLD to affect the targeting mTOR in multiple ways in anticancer therapies argues strongly that serious attention be given to the role of PLD and PA in the regulation of mTOR, especially with regard to targeting mTOR in anticancer therapies.
Future studies to establish a role of PLD for in the regulation mTOR will include studies on the subcellular distribution of PLD isoforms and mTOR and on the molecular mechanism through which PA affects mTOR. It will be critical to evaluate the subcellular localization of the participants in the regulation of mTOR. PLD2, which has recently been shown to associate with mTOR-Raptor complex (21) , localizes primarily with lipid raft fractions on the plasma membrane, whereas PLD1 localizes primarily to perinuclear membranes (4, 5) . We have found that in MDA-MB-231 breast cancer cells, mTOR has a perinuclear distribution similar to that of PLD1. 1 However, PLD1 has also been found on the plasma membrane, and PLD2 has been found in the nucleus (5, 6). Thus, clearly there is a need to evaluate the subcellular distribution of PLD isoforms, mTOR, and other regulators of mTOR in various cell lines where mTOR is active. Further studies are also needed to establish the precise mechanism of PA action on mTOR to determine exactly how PA affects mTOR signaling. It will also be of interest to establish whether PA has any effect on the rapamycin-resistant mTORC2 complex of mTOR and Rictor (25) . Recent work from Sabatini et al. has shown that the formation of a complex between Raptor and mTOR (known as mTORC1) is disrupted by rapamycin (26) . If rapamycin is acting to suppress interaction between mTOR and PA as proposed (6) , then the role of PA may be to facilitate the interaction between mTOR and Raptor. Raptor has been implicated in regulating substrate specificity of mTOR (1) . If PA does affect the mTOR-Raptor interaction, then PA could affect substrate recognition and not the kinase activity of mTOR. This would be consistent with unpublished data from Chen et al. (3, 6) indicating that PA does not affect the kinase activity of mTOR in vitro. More mechanistic details on the interaction of PA with mTOR could provide insights into the generation of rapamycin derivatives that are not as sensitive to PA levels. This will be especially important for the development of strategies for targeting the large percentage of human cancers where mTOR is providing survival signals, especially those being fueled by PLD-generated PA.
